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and {Department of Ophthalmology and Vision Science, University of California, Davis, CaliforniaABSTRACT Signaling of single photons in rod photoreceptors decreases the concentration of the second messenger, cyclic
GMP (cGMP), causing closure of cGMP-sensitive channels located in the plasma membrane. Whether the spatiotemporal
profiles of the fall in cGMP are narrow and deep, or broad and shallow, has important consequences for the amplification
and the fidelity of signaling. The factors that determine the cGMP profiles include the diffusion coefficient for cGMP, the spon-
taneous rate of cGMP hydrolysis, and the rate of cGMP synthesis, which is powerfully regulated by calcium feedback mecha-
nisms. Here, using suction electrodes to record light-dependent changes in cGMP-activated current in living mouse rods lacking
calcium feedback, we have determined the rate constant of spontaneous cGMP hydrolysis and the longitudinal cGMP diffusion
coefficient. These measurements result in a fully constrained spatiotemporal model of phototransduction, which we used to
determine the effect of feedback to cGMP synthesis in spatially constricting the fall of cGMP during the single-photon response
of normal rods. We find that the spatiotemporal cGMP profiles during the single-photon response are optimized for maximal
amplification and preservation of signal linearity, effectively operating within an axial signaling domain of ~2 mm.INTRODUCTIONRod photoreceptors generate electrical responses to the
absorption of single photons using a highly amplifying
G-protein cascade. The absorption of a photon by the
G-protein coupled receptor rhodopsin causes the protein to
undergo a conformational change to its fully active form
(R*), which catalyzes GDP-GTP exchange on many copies
of the G-protein a-subunit. Each activated G-protein (G*)
in turn binds and activates cyclic GMP phosphodiesterase
(PDE), forming an active G-protein-effector complex
(G*-E*) that rapidly hydrolyzes cyclic GMP (cGMP),
leading to closure of cGMP-gated cation channels in the outer
segment plasmamembrane and hyperpolarization of the cell.
The magnitude and spatial extent of the fall in cGMP
arising from a single activated R* is centrally important to
rod signaling in dim light. Because R* and G*-E* com-
plexes are confined to the immobile disk membrane, each
R* creates a point-sink for cGMP hydrolysis along the
longitudinal axis of the cylindrical outer segment. If the
diffusion of cGMP is very fast, the light-driven decrease
in cGMP could be small relative to the dark concentration,
but spread extensively in the longitudinal dimension of the
outer segment. Such a shallow but broad spatiotemporal
profile could help to promote signal linearity. Alternatively
and at the opposite extreme, photon absorption might cause
a large, spatially restricted change in cGMP leading to
complete local closure of cGMP-gated channels that are
proximal to the disk on which the R* and activated G*-E*
are confined. Although a spatially restricted fall in cGMP
would increase signal compartmentalization, the localSubmitted December 12, 2011, and accepted for publication March 13,
2012.
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0006-3495/12/04/1775/10 $2.00depletion of open channels would reduce the magnitude of
the decrease in membrane current relative to the overall
decrease in cGMP, failing to take advantage of the amplifi-
cation between cGMP and current inherent in the Hill rela-
tion for the cGMP channels.
Local saturation produced by a narrow and deep spatio-
temporal profile has been proposed as a mechanism
reducing the trial-to-trial variability of the SPR in normal
rods (1,2). In contrast, others have argued that the remark-
able reproducibility of the SPR must be attributed to repro-
ducibility of R* deactivation itself, because R* continues to
drive amplification as long as it remains catalytically active
(3,4). To date, no empirical evidence for local saturation has
been provided, in part because the spatial spread during an
SPR has been extremely difficult to measure. Fluores-
cence-based optical methods unavoidably activate the pho-
totransduction cascade and drive cGMP levels to zero.
Studies of the functional compartmentalization in rods using
slits or small spots of light to probe longitudinal interference
of coincident photons have yielded conflicting results, with
some studies reporting no detectable interactions (5) consis-
tent with small changes in cGMP over great spatial extent
(see (38)), and others reporting more local spatial changes
of 3–6 mm in different species (7,8).
Determining the spatiotemporal profile of cGMP during
the SPR in mouse rods is of particular importance, as the
biochemical phototransduction mechanisms of these rods
have been intensely studied using genetic perturbations that
alter the kinetics of SPRs (reviewed in Burns and Pugh
(9)). Such genetic models have revealed that R* deactivates
rapidly, with an average effective time constant of 40 ms
(10), and that the G*-E* complex deactivates more slowly
and rate-limits recovery of the SPR, with a time constant of
200 ms (11). Because these lifetimes are now known, anddoi: 10.1016/j.bpj.2012.03.035
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number of active G*-E* molecules throughout the time
course of the SPR is well determined. However, the local
hydrolytic activity depends not only on the number of
G*-E* complexes, but also on the local concentration of
cGMP at the active disk. The local concentration of cGMP
in turn depends on other factors, including the speed of diffu-
sion of cGMP and the spontaneous rate of cGMP hydrolysis,
factors that have not been determined for mouse rods.
The spatiotemporal profile for cGMP also has an indirect,
though powerful, effect on cGMP synthesis. During the SPR,
the reduced calcium influx through cGMP-sensitive channels
leads to a decrease in intracellular calcium concentration.
Reduced calcium levels increase cGMP synthesis through
the action of guanylate cyclase activating proteins, orGCAPs
(12). Thus, the spatiotemporal profile of cGMP shapes the
spatiotemporal profile of calcium, which in turn determines
cGMP synthesis and the spatiotemporal dynamics of
cGMP. The complexity afforded by calcium feedback is
eliminated in rods that lack all calcium-dependent regulation
of cGMP synthesis (GCAPs/ (13)). However, single-
photon responses of GCAPs/ rods are much larger
than normal, and also recover more slowly than either R*
or G*-E* can deactivate (14–16). This suggests that some
other process rate-limits the restoration of cGMP to its dark
level in the absence of feedback to cGMP synthesis. Thus,
although the spatiotemporal cGMP dynamics are simplified
in these rods, they also present a puzzle that challenges
current assumptions about what determines the time course
of the SPR under different conditions.
The results of our study resolve these issues. Here, we
have verified the effective lifetime of G*-E* in GCAPs/
rods by crossing GCAPs/ mice with mice overexpressing
the Regulator of G-protein Signaling 9 complex (RGS9-1/
Gb5-L/R9AP), which increases the rate of G*-E* deactiva-
tion and the recovery of dim and bright flash responses (11).
Analysis of dim and bright flash response recoveries in these
mouse lines have revealed the values of two previous unde-
termined factors governing the spatiotemporal dynamics of
the changes in cGMP: the spontaneous rate of cGMP hydro-
lysis and the effective longitudinal diffusion coefficient of
cGMP. With these parameters determined, we calculated
the spatial and temporal dynamics of cGMP resulting
from single R*s in mouse rods and compared the theoretical
predicted the SPR time courses with the experimentally
measured SPRs for rods with and without calcium feedback
and different values of G*-E* lifetime.TABLE 1 Population average data from rods without feedback to c
Idark (pA) SPR Amplitude (pA) Dim fla
GCAPs/ 16.75 0.9 (17) 2.35 0.2 (17) 3
GCAPs/ RGS9-ox 15.45 1.6 (13) 1.55 0.3 (13) 2
Idark, evoked maximal response amplitude, or dark current; trec, final recovery tim
for saturating flashes. All values are mean 5 SE (n).
Biophysical Journal 102(8) 1775–1784Our results show that the fall in cGMP during the SPR in
normal mouse rods is far too small to cause extensive local
closure of cGMP-gated channels proposed to explain SPR
reproducibility. Instead, no amount of signaling through
cGMP hydrolysis is wasted: in mouse rods, the spatiotem-
poral profile is such that the gain conferred by the channel’s
cooperative gating by cGMP is maximal. Additionally, our
results demonstrate that although both R* and G*-E* deacti-
vation proceed rapidly, the absence of calcium feedback
exaggerates and slows the spatiotemporal decline in cGMP,
producing an electrical response that continues to grow in
amplitude long after the GPCR itself has been deactivated.MATERIALS AND METHODS
Animals
Mice were cared for following an approved protocol from the Institutional
Animal Care and Use Committee of the University of California at Davis
and in compliance with the National Institutes of Health (Bethesda, MD)
guidelines for the care and use of experimental animals. Mice were reared
in 12 h cyclic light, dark-adapted overnight before recordings, and eutha-
nized by CO2 narcosis followed by decapitation. All mice were between
one and six months of age when used for experiments. GCAPs/ mice
(13) were obtained from Dr. Jeannie Chen (University of Southern
California, Los Angeles, CA) and maintained as an inbred strain in our
vivarium for over 12 generations. Transgenic RGS9-overexpressors
(RGS9-ox (11)) were bred into the GCAPs/ background; half of the
GCAPs/ mice used for comparison in Figs. 1, 2, and 4 and Table 1
were transgene-negative littermates of GCAPs/RGS9-ox mice.Electrophysiology
All dissection and tissue preparation were performed under infrared illumi-
nation with the aid of infrared-visible converters. As previously described
in Gross and Burns (10) and Krispel et al. (11), retinas were isolated in
L-15 media supplemented with bovine se rum albumin and glucose, and
stored on ice. Suction electrode recordings of the outer segment membrane
current were made from intact rods at 37C in oxygenated, bicarbonate-
buffered Locke’s solution. Brief calibrated flashes (10 ms, 500 nm) were
used to elicit light-evoked responses.Analysis of suction electrode data
The average SPR amplitude was estimated by variance-to-mean analysis (3)
from an ensemble of at least 25 dim flash responses (responses with ampli-
tudes <20% of the dark current). For comparison to the model, in Fig. 5 A
the data from RGS9-ox and wild-type (WT) rods with normal GCAPs/Ca
feedback is republished from Gross and Burns (10).
‘‘Rogue’’ SPRs of GCAPs/ and GCAPs/RGS9-ox rods were easily
identified by the large, steplike events that terminated abruptly after vari-
able times. The frequency and amplitude of rogue responses wereGMP synthesis
sh time to peak (ms) Dim flash trec (ms) Saturating flash tD (ms)
005 20 (17) 2485 14 (17) 2005 15 (14)
205 20 (13) 2455 19 (13) 83 5 6 (11)
e constant of the dim flash response; tD, dominant time constant of recovery
Spatiotemporal cGMP Dynamics 1777determined from responses to bright flashes that produced 10–70 R*;
rogues were identified as extended plateaus after a normal initial recovery
from saturation. The duration of each rogue response was measured as the
time between the beginning of the flash response and the 50%-recovery point
of the steplike event. The dominant time constant of recovery (tD) for satu-
rating responses and the time constant of recovery for dim flash responses
was determined as previously described in Gross and Burns (10) and Krispel
et al. (11). Briefly, the time in saturation was measured from the midpoint
of the flash to the time that the current recovered by 10%. The average
number of R* produced by a flash was determined by first calculating the
effective collecting area for each cell and multiplying this collecting area
by the calibrated flash strength (as described in Gross and Burns (10)). For
all parameters, the mean 5 SE values are presented unless otherwise
indicated. Statistical significance was determined by Student’s t-test.Spatiotemporal model of cGMP and calcium
dynamics
We describe phototransduction in terms of a generally accepted pair of
coupled partial differential equations (Eqs. 1 and 2) governing the cGMP
and Ca2þ concentrations, cG(x,t) and Ca(x,t), in the rod outer segment,
and ancillary equations (Eqs. 3–5) relating these two variables to the
cGMP-activated current density (JcG) and the Na/Ca-K exchange current
density (Jex):
vcGðx; tÞ
vt
¼ aðx; tÞ  bdarkcGðx; tÞ þ DcG
v2cGðx; tÞ
vx2
; (1)
vCaðx; tÞ 1 fCa 
vt
¼
F

AOS
2

BCa
2
JcGðx; tÞ  Jexðx; tÞ
þ DCav
2Caðx; tÞ
vx2
;
(2)
amax
aðx; tÞ ¼
1þ

Caðx; tÞ
Kcyc
ncyc ; (3)

cGðx; tÞ3JcGðx; tÞ ¼ JcG;dark
cGdark
; (4)
Caðx; tÞ
Jexðx; tÞ ¼ Jsatex Caðx; tÞ þ Kex: (5)
Equation 1 describes the reactions governing the cGMP concentration,
including calcium-dependent (GCAPs-mediated) cGMP synthesis (rate a),
hydrolysis (rate constant bdark), and diffusion (coefficient DcG). Equation 2
describes the reactions governing the cytoplasmic calcium concentration,
including influx through cGMP channels (fraction carried by calcium,
fCa), extrusion by the Na/Ca-K exchanger (NCKX), and diffusion (coeffi-
cient DCa). Changes in the local calcium concentration are related to the
current densities by dividing the currents by the Faraday constant (F), the
calcium buffer power (BCa), and a local volume element, the cross-sectional
area (AOS) multiplied by one-half the spatial axial increment dx (because the
disks occupy one-half the outer segment envelope volume). We assumed the
calcium buffering power (BCa) to be fixed, i.e., calcium-independent,
because the changes in calcium during the SPRs are small. In Eqs. 1 and 2,
the diffusion of cGMP and calcium have been simplified to a single dimen-
sion, the longitudinal axis of the rod. This simplification is grounded in thewell-established principle of rapid radial equilibration in rods (7,17–20),
which applies perforce in the very slender mouse rod outer segment.
Equation 3 describes the dependence of the rate a(x,t) of cGMP synthesis
on calcium, and Eqs. 4 and 5 relate the cGMP and calcium concentrations
to the cGMP current density, JcG, and the exchange current density, Jex.
In solving the equations, we assumed zero-flux boundaries for cGMP and
calcium at the tip and base of the outer segment, and a flux (Neumann)
boundary condition at the locus x0 of the R*:
vcGðx; tÞ
vx

x¼ xþ
0
¼ d bidv
4DcG
E ðtÞcGðx0; tÞ: (6)
Here E*(t) is the number of active G*-E* complexes on the disk at x0, bidv is
the rate constant of cGMP hydrolysis of a single G*-E* complex referred toan intradiscal volume, and d ¼ 0.031 mm is interdiscal distance. To derive
Eq. 6, one equates the bidirectional diffusional flux with the hydrolytic flux
at the point-sink of cGMP hydrolysis at x0. The four in the denominator
arises from two factors of two: the fact that only half of the total outer
segment volume is cytoplasmic and the bidirectionality of the cGMP flux
into the point-sink (the symbol xþ0 denotes that the derivative at x0 is taken
in the positive x direction). The same boundary condition was employed by
Lamb and Pugh (21) in an analysis of the SPR of toad rods, but they referred
the activity of each E* subunit to the total outer segment cytoplasmic
volume (their bsub). It bears emphasis that bidv and bsub are convenient
parameterizations for comparing the predictions with biochemical data,
and their use has no implications as to the length over which the outer
segment is effectively well stirred by diffusion.
In this investigation, we treated the decay of R* activity as exponential
(time constant tR), an approximation justified by the brevity of R* activity
relative to G*-E* (10,22). The time course of R* activity, R*(t), was used to
obtain the time course of the number of active PDE molecules, E*(t), by
integrating the rate equation
dEðtÞ
dt
¼ vRERðtÞ  kEEðtÞ; (7a)
whose general solution is
EðtÞ ¼ vRE
Z t
0
Rðt0ÞekEðtt0Þdt0: (7b)
Here nRE is the rate of G*-E* activation by a fully active R*, kE ¼ 1/tE is
the rate constant of deactivation of G*-E*, and the initial condition isE*(0) ¼ 0. The function E*(t) was then applied to Eq. 6.
A final equation defines the light response as the difference between the
total inward current (Idark) over the length (L) of outer segment in the dark
and the current during the response to light:
rðtÞ ¼ Idark 
ZL
0
½JcGðx; tÞ þ Jexðx; tÞdx: (8)
Equations 1–8 were solved to simulate SPRs using W. E. Schiesser’s
numerical method of lines.Parameter values
All parameter values for the simulations are given either here or in Table 2.
Measurements of kE, nREbidv, bdark, andDcG are presented in the results. The
fraction of current carried by calcium (fCa in Eq. 2) was experimentally
determined by dividing twice the amplitude of the Na/Ca,K exchange
current by the maximal current amplitude. The rod outer segment length
L and cross-sectional area AOS were measured from electron micrographs
of RGS9-ox and wild-type rods (11): L ¼ 22 mm and AOS ¼ 1.7 mm2.Biophysical Journal 102(8) 1775–1784
TABLE 2 Parameter values for simulations
Parameter Description Value Source Reference/Method
kR Rate of R* deactivation (s
1) 25 Literature Gross and Burns (10)
kE Rate of G*-E* deactivation (s
1) 5 (WT) or
12.5 (RGS9-ox)
Literature;
measured
Gross and Burns (10), Krispel et al. (11),
and Chen et al. (44) Fig. 1, Table 1
nRE Max rate of G*-E* activation per R* (s
1) 300 Literature Burns and Pugh (22), Leskov et al. (28),
and Heck and Hofmann (29)
bidv Rate of cGMP hydrolysis per G*-E* (s
1) 43 Measured Rogue analysis (Fig. 3)
bdark Rate of spontaneous cGMP hydrolysis (s
1) 4.1 Measured GCAPs/ SPR recovery (Fig. 2)
DcG Longitudinal diffusion coefficient of cGMP(mm
2 s1) 40 Measured Rogue analysis (Fig. 3)
fCa Fraction of current carried by calcium 0.12 Measured Measured (Methods)
adark Dark cGMP synthesis rate (mM s
1) 16.7 —– amax/9 (Methods)
Cadark Dark adapted Ca
2þ concentration (nM) 320 —– Set by adark
cGdark Dark adapted cGMP concentration (mM) 4.1 —– Set by adark and bdark
BCa Calcium buffer capacity 50 Fitted 515% of the values in Nikonov et al. (41)
and Lagnado et al. (45)
ncyc Hill coefficient for Ca
2þ dependence of cGMP
synthesis
1.5
Kcyc K1/2 for Ca
2þ dependence of cGMP synthesis (nM) 80 Fitted 515% of the values in Makino et al. (30)
amax Max rate of cGMP synthesis (mM s
1) 150
Kex K1/2 for NCKX activation (mM) 1.1 Fitted 515% of the values in Schnetkamp et al. (6)
and Lagnado et al. (45)
Jsatex Maximum NCKX current (pA mm
1) 0.21 —– Set by Kex, Cadark, fCa, L
1778 Gross et al.Thus, the predicted GCAPs/ and GCAPs/RGS9-ox SPRs were generated
using a model that did not require any fitting.
For simulating responses from rods with functional calcium feedback to
cGMP synthesis, the parameters governing GCAPs-mediated feedback and
Ca2þ-exchange were adopted from the literature (Table 2), and optimized to
minimize the mean-squared error between the model prediction and the
measured wild-type SPR. This optimization was performed by searching
within the range spanning 515% of the original reported value using the
DIRECT global minima search algorithm (23). The difference between
the maximal light-evoked changes of cGMP synthesis was determined
from saturating flash responses of wild-type and GCAPs/ rods accord-
ing to Burns et al. (15) and found to be ninefold higher in the presence
of GCAPs-mediated feedback. The dark rate of cGMP synthesis (adark)
was therefore taken to be amax/9. The Idark values used for fitting the WT
and RGS9-ox SPRs were those reported in Gross and Burns (10). The
predicted SPRs were insensitive to the value of DCa over the range
1–30 mm2 s1 (data not shown), presumably because the spatiotemporal
Ca2þ profile is dictated by that of cGMP, which determines Ca2þ influx
via CNG channels. For our simulations, we used DCa ¼ 2 mm2 s1 for all
SPRs, reflective of the expected value based on the measurement of DcG.
To simulate the RGS9-ox SPR, no changes were made to the parameter
set other than the substitution of the appropriate G*-E* deactivation rate
(kE ¼ 12.5 s1), which was determined independently (Fig. 1). The use
of a single parameter set to fit all four data sets without individual optimi-
zation demonstrates the robustness of the phototransduction model. It is
unlikely that the model is subject to overfitting because simply turning
off GCAPs-mediated feedback predicts the GCAPs/ SPR, whereas
increasing kE predicts the RGS9-ox SPR, and performing these manipula-
tions simultaneously predicts the GCAPs/RGS9-ox SPR.RESULTS
Dark PDE activity determines the kinetics
of GCAPs/ dim flash responses
In normal rods, responses to both dim and saturating flashes
recover with the same fast time constant (~200 ms (11)),Biophysical Journal 102(8) 1775–1784which is dependent upon the level of expression of the
RGS9 complex, the regulator that catalyzes deactivation
of the G*-E* complex. Dim flash responses of rods lacking
calcium feedback to guanylate cyclase (GCAPs/) are
much larger than normal, and also recover more slowly
(13–16). The sluggishness of the recoveries of GCAPs/
rods suggests that some process other than G*-E* deactiva-
tion may rate-limit the restoration of cGMP to its dark level
in the absence of feedback to cGMP synthesis.
To determine the rate-limiting step for response recovery
to dim and bright flashes in GCAPs/ rods, we crossed the
RGS9-overexpressing transgenic mouse (11) into the
GCAPs/ background and recorded families of responses
to flashes of varying strengths (Fig. 1, A and B). For bright
flashes, the Dominant time constant of recovery (tD) is
determined from the slope of the relation between the
time in saturation (Tsat) and the natural log of the number
of light-activated rhodopsin molecules (R*) (24). As previ-
ously described, tD in GCAPs
/ rods was the same as in
wild-type rods (15), in these experiments ~200 ms (Fig. 1 C;
Table 1). Overexpression of the RGS9 complex (RGS9-ox)
in the GCAPs/ background accelerated tD to the same
extent that it did in wild-type rods (10,11): the dominant
time constant of recovery in GCAPs/RGS9-ox rods was
~80 ms (Fig. 1 C; Table 1). These results confirm that the
rate-limiting process governing recovery from saturating
flashes is G*-E* deactivation, and shows that this process
is unaffected by the absence of calcium-dependent feedback
to cGMP synthesis.
In contrast to the recovery from bright flashes, however,
the final phase of dim flash response recovery was unaf-
fected by RGS9 overexpression. The final phase of the
FIGURE 2 Recordings from rods lacking GCAPs-mediated feedback
provide a novel measure of the spontaneous rate of cGMP hydrolysis
(bdark). (A) Population average SPRs of GCAPs
/ and GCAPs/RGS9-ox
rods are shown along with exponentials best-fitting the recovery tail phases
(black lines). The time constants of the recovery phases (equal to 1/bdark),
were trec ¼ 243 ms (gray, GCAPs/) and 246 ms (green,
GCAPs/RGS9-ox). (B) Data from panel A displayed on a semilog plot to
illustrate the nearly identical slopes of the final recovery phases of
GCAPs/ and GCAPs/RGS9-ox rods.
FIGURE 1 G*-E* deactivation rate-limits recovery in rods lacking
GCAPs-mediated feedback (GCAPs/ rods). Representative family of
average responses of a GCAPs/ rod (A) and a GCAPs/RGS9-ox rod
(B) to flashes that activated from 2–1000 R*/flash. The maximal response
amplitudes, or dark currents, were 17.7 and 24.5 pA, respectively. (C)
The dominant time constant of recovery (tD) is speeded by overexpression
of the RGS9 complex. The time that bright flash responses remained in
saturation (Tsat) was plotted as a function of loge R*; tD is the slope of
this relation (24).
Spatiotemporal cGMP Dynamics 1779dim flash response of GCAPs/ rods recovered exponen-
tially, with a time constant (trec) of ~250 ms, longer than
tD in the same rods (Fig. 2; Table 1; p ¼ 0.02). Likewise,
the final recovery of the dim flash response in
GCAPs/RGS9-ox rods was also ~250 ms (Fig. 2, A and B),
which is much greater than the 80-ms value for tD in these
rods (p < 0.001). Thus, the acceleration of G*-E* deactiva-
tion by RGS9 overexpression had no effect on the final
phase of dim flash recovery when GCAPs-mediated feed-
back was abolished. In sum, inGCAPs/ rods, the recovery
from bright flashes is rate-limited by G*-E* deactivation,
whereas the recovery of dim flash responses is governed
by a slower process, whose nature we now examine.
A fundamental difference between dim and bright flash
responses is the resulting change in cGMP. Single-photonresponses (SPRs) in particular generate relatively small
changes in cGMP that vary in both space and time, whereas
saturating responses reduce free cGMP effectively to zero
homogeneously throughout the entire outer segment. Thus,
spatiotemporal dynamics of cGMP cannot affect tD, but
could affect dim flash response recovery. To investigate
how these dynamicsmight affect SPR recovery,we examined
the reactions governing cGMP (cG) by simplifying Eq. 1 to
incorporate a constant rate of synthesis (adark¼ cGdark bdark),
vcGðx; tÞ
vt
¼ adark  bdarkcGðx; tÞ þ DcG
v2cGðx; tÞ
vx2
; (9)
where adark is the rate of synthesis in the dark, bdark is the
rate constant of cGMP hydrolysis in the dark, and DcG is
the longitudinal diffusion coefficient for cGMP. During an
SPR, the number of G*-E* is expected to have declined
to <10% of their maximum by 600 ms after the flash
(Eq. 7, with tR ¼ 40 ms, tE ¼ 200 ms), but in rods with a
constant rate of synthesis (GCAPs/), the SPR persists
for several hundred milliseconds more (Fig. 2). At such
late times, Eq. 9 has the solution
cGðx; tÞ ¼ cGdark  f ðx; tÞebdark t; (10)
where f(x,t) is a general solution to the one-dimensional
diffusion equation whose spatial integral is constant inBiophysical Journal 102(8) 1775–1784
1780 Gross et al.time. If the maximal local change in cGMP, DcG(x,t) ¼
cGdark  cG(x,t), is small, it will be related to the normal-
ized response (r/rmax) via Eqs. 4 and 8 as
rðtÞ
rmax
z3
Z
OS
DcGðx; tÞ
cGdark
dx; febdark t: (11)
Thus, Eq. 11 predicts that during the tail phase of the SPR,
cGMP recovers to its dark level at all spatial locations along
a common exponential trajectory with time constant 1/bdark.
This explains why the final time constant of SPR recovery in
GCAPs/ rods does not reflect tD and is unaffected by
RGS9-overexpression (Fig. 2). From this analysis of the
tail phase recovery, the rate constant of spontaneous hydro-
lysis bdark is thus found to be 1/245 ms ¼ 4.1 s1. To our
knowledge, this is the first experimental determination of
bdark for mouse rods.FIGURE 3 ‘‘Rogue’’ SPRs provide a steady-state cGMP spatial profile.
(A) Rarely, rogue R* molecules produce long-lasting, plateau responses
with large amplitudes (asterisk). Each vertical tick indicates the presenta-
tion of a brief dim flash to the GCAPs/ rod. (B) Rogue responses were
more often elicited by bright flashes activating many dozens of R*s. A
bright flash activating ~60 R*s usually elicited a saturating response that
recovered smoothly back to baseline (black). In some instances, the
recovery ended in a sustained, steplike rogue event (gray). (C) The spatial
profile of cGMP during the steady-state of a rogue response in GCAPs/
(gray) and GCAPs/RGS9-ox (green) rods, calculated with Eq. 12.Determination of the longitudinal diffusion
coefficient of cGMP from ‘‘rogue’’ SPRs
The measurement of bdark made it possible to determine the
second factor that determines the spatial spread of the
decline in cGMP during the SPR, the longitudinal diffusion
coefficient of cGMP (DcG). To measure DcG we exploited
a naturally occurring subpopulation of SPRs that produce
a steady-state decrease in cGMP. These ‘‘rogue responses’’,
which occur with a frequency of ~1/500 photoisomeriza-
tions, were first characterized in monkey rods (25) as step-
like responses that persist for 3–5 s and arise from R*s
that do not undergo phosphorylation (25–27). Although
rogue responses are evident in wild-type mouse rods, they
are particularly pronounced and easily identified in
GCAPs/ rods due to their larger amplitude SPRs. The
frequency and duration of the rogues (see Table S1 in the
Supporting Material) was similar to that previously deter-
mined in normal monkey rods (25). Because of the low
frequency of occurrence, rogues seldom resulted from
flashes that activated a single R* (an exception is shown
in Fig. 3 A). Most often, rogue responses were observed in
response to bright flashes and appeared as extended plateaus
after a normal initial recovery from saturation (Fig. 3 B), as
has been previously described (25).
Because rogue responses maintain constant amplitude for
several seconds, they provide a unique opportunity to eval-
uate the spatial distribution of cGMP during the steady state
of a response to a single photon. A rogue R* produces a
point-sink of continual cGMP hydrolysis, resulting in a
steady response amplitude that is dependent on the rates
of G*-E* activation and deactivation and the diffusion of
cGMP into the sink. Because the response is steady, the
spatial profile of cGMP along the length of the outer
segment must also be unchanging during a rogue response
plateau. This profile can be derived from Eqs. 6, 7, and 9,Biophysical Journal 102(8) 1775–1784cGðxÞ
cGdark
¼ 1

1þ 4kE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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p
vREbidvd
1
e

ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bdark
DcG
r
jxx0j
;
(12)
where kE is the experimentally determined rate of G*-E*
deactivation (1/tD), and nRE is the rate of G*-E* production
by R*.
The amplitudes of rogue responses of GCAPs/ RGS9-ox
rods (rrogue/rmax ¼ 0.26, n ¼ 10 cells) were significantly
smaller than those of GCAPs/ rods (rrogue/rmax ¼ 0.39,
n ¼ 11 cells, p ¼ 0.006). This difference in amplitude is ex-
pected, and consistent with the faster rate of G*-E* deacti-
vation resulting from RGS9-overexpression and
consequently fewer G*-E* molecules active in the steady
state. Given the two different deactivation rates (kE ¼
5 s1 in GCAPs/ and 12.5 s1 in GCAPs/ RGS9-ox)
and the relative rogue amplitudes, we solved Eq. 12 numer-
ically for the unknown quantities and obtained the values
DcG ¼ 40 mm2 s1 and nRE bidv ¼ 1.3  104 s2.
Spatiotemporal cGMP Dynamics 1781The composite phototransduction gain factor, nRE bidv,
can be further analyzed as follows: given the value nRE ¼
300 s1 (28,29), then bidv ¼ 43 s1. This latter value can
be compared to the prediction from the biochemical litera-
ture applied to the small cytoplasmic volume (Vid) of the in-
tradiscal space considered here. The rate constant of
hydrolytic activity arising from a single PDE in this volume
is given by b0idv ¼ kcat/(Km Vid Nav) where the catalytic
activity of a single G*-E* complex at room temperature
is kcat/Km ¼ 4.4  108 M1 s1 (28), and the cytoplasmic
volume of the interdiscal space is Vid ¼ pros2d/2 ¼
0.028 mm3 and Nav is Avogadro’s number. The resulting
prediction b0idv ¼ 26.5 s1 differs from our determination
by less than a factor of two.FIGURE 4 SPRs of rods without feedback to cGMP synthesis are well
described by the spatiotemporal model of phototransduction. (A) Simulated
SPRs (thin traces) closely match the experimentally determined SPRmeans
and standard errors (shaded regions) of GCAPs/ (black/gray) and
GCAPs/RGS9-ox (green) rods without any parameter optimization. tE ¼
200 ms or 80 ms, tR¼ 40 ms, and bdark ¼ 4.1 s1. (B) Time courses of
the number of light-activated G*-E* molecules that underlie the responses
in panel A, calculated with Eq. 7b. Note that the faster G*-E* deactivation
in the GCAPs/RGS9-ox rods causes a pulse of PDE activity that is
completely decayed by 500 ms after the flash, yet the SPR does not recover
until after 1 s. The vertical scale is determined by the assumed value nRE ¼
300 s1. (C) Spatial profiles of cGMP during the GCAPs/ SPR. Color-
coded dots on the traces in panel A indicate the times of the calculated
concentration profiles of cGMP in C.The phototransduction model accurately
describes SPRs and reveals the cGMP
spatiotemporal profile
With the measurements described above, the parameters of
the phototransduction model in the absence of calcium feed-
back are fully determined (Table 2), and yield predictions in
excellent agreement with the experimental SPRs without
using any parameter optimization (thin lines, Fig. 4 A).
Most importantly, the prolonged time to peak and much
larger SPR amplitude were fully captured by the model,
despite the short lifetimes of R* (40 ms) and G*-E* (200 or
80 ms) and the overall brevity of the E*(t) pulse (Fig. 4 B).
In the absence of feedback, the cGMP concentration at
x0 declines almost 20% below its dark level within
~100 ms (blue dot in Fig. 4 A corresponds to blue trace in
Fig. 4 C), but surprisingly does not decline further at this
locus as the SPR continues to rise. Instead, by 350 ms,
when the SPR is peaking (red dot in Fig. 4 A), the decrease
in cGMP has spread over a greater fraction of the outer
segment length (red trace in Fig. 4 C). In sum, in the
absence of cGMP synthesis regulation (GCAPs/), activa-
tion of a single R* generates a relatively large, widespread
change in cGMP concentration.
We next determined whether the model could also
describe the SPRs of rods with normal GCAPs-mediated
feedback to cGMP synthesis. With the calcium-independent
parameter values identified above held constant, we
included the parameters governing calcium dynamics and
feedback (Table 2) and compared the theoretical predictions
to the population mean SPRs of wild-type and RGS9-ox rods
with normal feedback. The model generated theoretical
SPRs that closely matched the experimental SPRs (Fig. 5)
with final parameter values within515% of the values ex-
tracted from the literature (Table 2). In particular, the
parameters for GCAPs-mediated feedback, including both
the K1/2 (80 nM) and Hill coefficient (ncyc ¼ 1.5) for
calcium-dependent modulation of cGMP synthesis, were
remarkably consistent with previous in vitro measurements
from mouse rods (30,31). This consistency of our analysiswith the biochemical data contrasts with a previous study
based on steady-state analysis of wild-type and GCAPs/
SPRs, which concluded that GCAPs-mediated feedback in
living rods had a higher cooperativity, with a Hill coefficient
of ~4 (15). The erroneously higher Hill coefficient found
by Burns et al. (15) resulted from the unappreciated role
of bdark in shaping the response kinetics in the absence
of GCAPs-mediated feedback, but not in the wild-type
responses to which they were directly compared.
In contrast to the deep and broad spatiotemporal profiles
for cGMP in the absence of feedback to cGMP synthesis, the
light-evoked changes in cGMP in normal rods were rather
shallow and remarkably spatially restricted (Fig. 5 B).Biophysical Journal 102(8) 1775–1784
FIGURE 5 SPRs of rods with feedback to cGMP synthesis are well
described by the spatiotemporal model. (A) Simulated SPRs (thin) closely
match the SPR mean 5 SE (shaded regions) experimentally determined
from populations of wild-type (black/gray) and RGS9-ox (green) SPRs
when tE ¼ 200 ms or 80 ms and tR ¼ 40 ms and bdark ¼ 4.1 s1 with opti-
mization of calcium-feedback parameters for feedback regulation (Table 2).
(B) The changes in cGMP during the wild-type SPR are much smaller and
more spatially confined than those in the absence of calcium/GCAPs feed-
back to cGMP synthesis (compare to Fig. 4 C).
1782 Gross et al.Indeed, the maximal local decrease during the SPR peak
(red) is only 14% below the dark level within the immediate
vicinity of the R*. The spatial extent of the fall in cGMP is
also quite limited, with a full-width at half minimum at the
SPR peak of ~2.3 mm. Because the local changes in cGMP
concentration are so small in normal rods, they will produce
directly proportional changes in cGMP-sensitive current
with a gain factor closely corresponding to the Hill coeffi-
cient (32,33). Assuming that mouse cGMP-gated channels
have a K1/2[ 4 mM (34,35), the greatest local change in
cGMP reduces the calculated channel gain factor only
slightly, from 3 in the dark to 2.8 at the SPR peak. This
shows that local channel saturation is negligible during the
SPR of normal rods, and thus reveals that mouse SPRs
exploit the full contribution of the channel’s Hill coefficient
to signal amplification (33,36).DISCUSSION
Comparison of cyclic nucleotide dynamics
in rods of other species
Outer segments of rods of different vertebrate species vary
greatly in their lengths, diameters, and number of disk inci-
sures, which enable more rapid longitudinal diffusion.
Mouse rods are smaller in diameter than most others, andBiophysical Journal 102(8) 1775–1784possess only a single incisure (37), which should reduce
longitudinal diffusion. Indeed, the effective longitudinal
DcG that we have measured (40 mm
2 s1) is lower than
that measured (60–80 mm2 s1) in amphibian rod outer
segments (38,39). Our value of DcG is higher than previous
experimental estimates for the diffusion of fluorescent small
molecules (17 mm2 s1) in mouse rods (40), but in excellent
agreement with a previous theoretical prediction based on
geometrical considerations of mammalian rods with single
longitudinal incisures (18).
The dark hydrolysis rate constant, bdark, is inextricably
intertwined with DcG in determining the cGMP spatial
profile (Eq. 1), and like DcG, bdark also apparently varies
greatly across species. In salamander rods, 1/bdark ~1 s,
whereas the dominant recovery time constant tD has a value
of ~2 s (32,41), so that the two time constants stand in the
ratio 1:2. In contrast, in mouse rods the relative magnitudes
of these two times constants are reversed in order and much
closer in value, 240:200. If bdark were lower, as in cold-
blooded vertebrates (with longer rods), the spatial spread
would be larger and any change in cGMP concentration
would relax more slowly to baseline. Because the spatial
spread of signaling along the outer segment involves diffu-
sion with hydrolysis, and is dependent on both DcG and
bdark, the precise values of both parameters need to be inde-
pendently measured to determine the consequences of their
values for signaling in any given species.
In mouse rods, we find that both the relatively high dark
PDE activity, bdark, and the relatively low value ofDcG serve
to constrain the spatial cGMP profile: the spatial extent (full
width at half-maximum) of the fall in cGMP is quite narrow,
roughly one-eighth of the length of the outer segment. A
classic figure of merit that is commonly used to estimate
the mean distance x over which a second messenger travels
in one dimension is Wx ¼ ﬃﬃﬃﬃﬃﬃﬃ2Dtp , where D is the diffusion
coefficient and t is the elapsed time. Our work shows that
this figure is inadequate in considering the spatiotemporal
dynamics of second messengers in living cells, because
the concentrations of such messengers are rarely governed
by mere passive diffusion; instead, as in the rod outer
segment the messengers are actively synthesized or
degraded by enzymes with rates that are themselves likely
regulated by feedback mechanisms. In rods, the small
spatial spread in cGMP is also limited by the feedback to
cGMP synthesis (compare the spatial profiles in Figs. 4 C
and 5 B). The local fall in cGMP (and thus calcium) induces
rapid activation of cGMP synthesis, which contributes new
cGMP molecules that diffuse toward the sink at the site of
photon absorption. In contrast to that of cGMP, we find
that the diffusion coefficient of calcium is relatively unim-
portant. The predicted SPRs were insensitive to the value
of DCa spanning the range 1–30 mm
2 s1 (data not shown),
presumably because the spatiotemporal Ca profile is
dictated primarily by that of the decrease in cGMP, which
determines the calcium influx via the cGMP-gated channels.
Spatiotemporal cGMP Dynamics 1783Revisiting the gain of the GCAPs-mediated
feedback loop
With the measured values of bdark and DcG, and the
measured lifetimes of R* and G*-E*, the spatiotemporal
model accurately recapitulated the amplitude and entire
time course of SPR of GCAPs/ rods. Most importantly,
the prolonged time to peak and much larger SPR amplitude
were fully captured by the model, despite the short lifetimes
of R* (40 ms) and G*-E* (200 or 80 ms) and the overall
brevity of the E*(t) pulse (Fig. 4 B). Thus, a very short R*
lifetime does not preclude a long time course for the flash
response, as a slowed response can arise from low-pass
filtering of the cGMP hydrolysis by bdark (Eq. 10; Fig. 2).
Because the time constant of this filter (in GCAPs/
rods) is 1/ bdark ¼ 245 ms, it considerably slows the SPR
overall, producing a major increase in time to peak and
a recovery slower than the dominant recovery time constant
extracted from saturating flashes (Fig. 1; Table 1).
In contrast, when the powerful GCAPs-mediated feed-
back is operative (in wild-type rods), cGMP synthesis
closely tracks hydrolysis (15,32,41) and first-order filtering
with the time constant 1/bdark does not occur. As a conse-
quence, in rods with normal feedback the SPR final recovery
follows the decay of G*-E* activity (11), and the dominant
recovery time constant extracted from responses to satu-
rating flashes (tD) and that measured from the tail phase
of dim flash responses (trec) have the same value. In the
analysis of Burns et al. (15), the time integrals of wild-
type and GCAPs/ SPRs were directly compared to esti-
mate the steady-state gain of the feedback loop to cGMP
synthesis, and it was not recognized that the two conditions
(with and without feedback) were rate-limited by two funda-
mentally different processes. As a result, the feedback loop
gain factor (~12) and cooperativity of cyclase activation
(~4) were overestimated. In the spatiotemporal model devel-
oped here using experimentally determined parameters, the
K1/2 and Hill coefficient for GCAPs-mediated feedback
matched the consensus values in the biochemical cyclase
literature (e.g., Makino et al. (30), Peshenko et al. (31),
and Otto-Bruc et al. (42)).Implications of cGMP spatiotemporal dynamics in
mouse rods
Several aspects of the mouse rod SPR have been controver-
sial, including the possible role of restricted diffusion or
local saturation in reducing variability (e.g., Caruso (2),
Field and Rieke (5), and Bisegna et al. (19)), and whether
or not the lifetime of photoactivated rhodopsin is long rela-
tive to that of the G*-E* complex when calcium feedback to
cGMP synthesis is perturbed (e.g., Burns et al. (15) and Ma-
kino et al. (43)). Our results resolve these issues.
First, the fall in cGMP during the SPR in normal mouse
rods is far too small to cause complete local closure ofcGMP-gated channels, and indeed the response is essen-
tially linearly proportional to the spatially integrated
decrease in cGMP (Eq. 11). Thus, local saturation of signal
resulting from restricted diffusion cannot explain SPR
reproducibility (2,19). Instead, no amount of signaling
through cGMP hydrolysis is wasted: mouse rods take
advantage of the full gain potentially available by dint of
the channel’s cooperative gating by cGMP, so that the
channels contribute maximally to the overall amplification
of the SPR.
Second, the ability of the constrained, spatiotemporal
model to accurately predict the SPRs of rods with different
G*-E* lifetimes, with and without GCAPs-mediated feed-
back, further confirms that our previous determination of
the average deactivation time constants as effectively tR ¼
40 ms and tE ¼ 200 ms are correct (10,11,22). Although
G-protein cascades are touted for an amplification that
stems primarily through the prolonged activation of many
G-proteins by a single GPCR, our results demonstrate how
signaling can continue to grow in amplitude long after the
GPCR itself has been deactivated.SUPPORTING MATERIAL
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